Introduction
Collective phonon excitations are common to the descriptions of vibrational motion in various many-body systems including nuclei, atoms, molecules, and metal clusters. In nuclei, the lowest order shape oscillations are quadrupole in nature resulting in two types of vibrational excitations for deformed nuclei; ␤ with no angular momentum projection on the symmetry axis and ␥ with a projection of K = 2 + . Two-phonon excitations can in principle be constructed from one or more quanta of these ␤ and ␥ vibrations to form ␤␤ , ␤ ␥, and ␥␥ types of vibrations [1] .
Single phonon vibrational excitations are abundant in the nuclear landscape while the existence of two-phonon vibrational excitations continues to be the focus of a lively debate in nuclear structure studies. A recent study by Wu et al. [2] presented a compilation of the excitation energy ratios of possible two-phonon ␥␥ (K = 4 + ) to one-phonon ␥ (K = 2 + ) bandhead levels for all deformed nuclei in the rare-earth region of the chart of nuclides. The compilation was based on the identification of K = 4 + bands with a strong preference in decay to the K = 2 + ␥ band. The energy ratios showed a variation in value from 1.29 in 178 Hf to 2.89 for the 164 Dy nucleus. Preference of decay however is not by itself a signature of two-phonon character. It is necessary to know the absolute E2 transition probabilities connecting the various excitations. The first measurement of lifetimes to extract absolute B (E2) values resulted in the observation [3] of a two-phonon ␥␥ (K = 4 + ) band in 168 Er where the energy ratio of two to one phonon excitations is 2.50. Recently, there have been several observations of twophonon ␥␥ (both K = 4 + and K = 0 + ) vibrational excitations [2] [3] [4] [5] [6] [7] [8] . In all of these nuclei the energy ratio of two-phonon to one-phonon bandheads is greater than 2. Hf is quite well known due to a number of extensive studies including (n,␥) [12] and (␣,xn)reactions [13] , ARC measurements, conversion electron studies [12] , (d,d') [14, 15] , (d,p) [14, 15] , (d,t) [14, 15] , (p,t) [16] and (p,␣) [17] transfer reactions, and beta decay.
Experimental Procedure
The GRID technique allows lifetime measurements of levels populated in thermal neutron capture by measuring the Doppler broadening of depopulating transitions. The Doppler broadening is caused by previously emitted ␥-rays giving the nucleus isotropically distributed recoil velocities. The recoil velocities are very small (typically 10 Ϫ4 c to 10 Ϫ6 c ) with resulting broadening effect on the order of a few eV and very short slowing-down times in the target. The last point limits the optimum range of accessible lifetimes to a few picoseconds and lower. The line shape of a particular transition is measured using a double flat crystal spectrometer (GAMS4) installed 15 m from the core of the high flux reactor of the Institute Laue Langevin in Grenoble, France. The target consisted of 9.592 g of natural Hf oxide. The line shapes or specifically the wavelengths of chosen ␥ rays are measured by Bragg diffraction on ideal crystals where the energy resolution may be as good as ⌬E /E ≈ 2 ϫ 10 Ϫ6 . The broadened line shapes were fit with the GRIDDLE [18] code.
The input parameters of the program GRIDDLE include recoil velocity, temperature of the target, and the response function of the instrument in order to calculate the lifetime. The recoil velocity distribution is a function of the feeding of the level of interest. In cases where the feeding of a particular nuclear level is not completely known, we have made rather extreme assumptions for the missing feeding in order to extract conservative upper and lower limits. The upper limit of the extracted lifetime is determined by attributing the missing feeding intensity to a cascade of ␥-ray transitions from the compound capture state. The lower limit is extracted by assuming that the missing feeding comes from the unplaced low energy transitions that were measured in this nucleus. The more realistic scenario would probably lie somewhere in the middle of the lifetimes resulting from these intentionally extreme feeding assumptions.
Results and Discussion
The measured lifetimes and the extracted B (E2) values are tabulated in Table 1 . Table 2 
K = 2 + Band
The 2 + bandhead of the ␥ band is at an excitation energy of 1174.626 keV. The lifetime of this level was previously known and was remeasured here as a test. The measurement yields a lifetime range of 0.27 ps to 1.27 ps resulting in a B (E2:2 + → 0 + ) range of 2.7 W.u. to 12.8 W.u. which is in agreement with a previous Coulomb excitation lifetime measurement [19] of 0.90 Ϯ 0.03 ps and B (E2:2
) value of (3.9 Ϯ 0.5) W.u. [20] . The 3 + level of this band is at an excitation energy of 1268.536 keV. This is the first measurement of a lifetime for this state yielding a range of 0.51 ps to 2.32 ps. For the 2 + and 3 + levels, 46 % and 37 % of the feeding is known, respectively.
K = 4 + Band
The 4 + bandhead level of the K = 4 + band is at an excitation energy of 1513.828 keV. 58 % of the feeding of this level is known. The line shape of the 1207.204 keV transition depopulating the 4 + level was measured in 12 separate scans. The result was that we were only able to determine a lower limit for the lifetime of Ն 0.9 ps. We were unable to extract a meaningful higher limit since the convergence of the GRIDDLE code gave a lifetime longer than the slowing down time of the Hf nuclei indicating a longer lifetime for the level. + member of this band at 1276.7 keV had a previously measured lifetime of (8.8 Ϯ 3.5) ps determined by Coulomb excitation [19, 20] One piece of evidence which further supports the relationship of these two K = 0 + bands at 1199.4 keV and 1772.2 keV is their identical dynamic moments of inertia. It had previously been shown that single and double gamma vibrational excitations exhibit identical dynamic moments of inertia [2] . Figure 4 Hf.
